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Automatic Optical Inter-Alignment of Two Linear Ar- 
rangements 



BACKGROUND OF THE INVENTION 

1. Field of the Invention. 

This invention relates to alignment of optical de- 
vices. More particularly this invention relates to apparatus and 
method for the automatic optical alignment of two linear struc- 
tures . 

2. Description of the Related Art. 

In the past, the assembly and manufacture of opti- 
cal assemblies having a linear array of optical elements has 
been time consuming and prone to quality control problems. The 
latest developments in optical cross-connect assemblies have 
only magnified these problems. Precisely engineered optical re- 
ceiver arrays are required in these assemblies. A general demand 
for more precisely constructed assemblies having greater reli- 
ability has translated into a demand for better manufacturing 
apparatus and processes. 

Optical devices of the type addressed by the pre- 
sent invention currently in use involve an array of optical fi- 
bers having light transmitted therethrough. The light exiting 
the end faces of the fibers is transmitted through a plurality 
of waveguides, which produce a diffraction pattern. The dif- 
fracted light is collimated by focusing optics, and then falls 
on a detector array. 

In order to equalize the signals falling on indi- 
vidual elements of the detector array, it is necessary that the 
detector array be precisely aligned with respect to the axis of 
the waveguides and the focusing optics. Optimizing the alignment 
has heretofore been a tedious, labor intensive process. In some 
applications the detector array is positioned manually, and ad- 
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justment of the input elements is performed using a manual tech- 
nique. This is because the cross section of the detectors is 
large enough to permit manual manipulation. 

SUMMARY OF THE INVENTION 

It is therefore a primary object of some aspects 
of the present invention to improve the manufacture of optical 
linear arrangements . 

It is another object of some aspects of the present 
invention to automate the alignment of two linear optical ar- 
rangements relative to one another with a high degree of preci- 
sion . 

There is thus provided in accordance with a pre- 
ferred embodiment of the invention a method of alignment, which 
includes the steps of: 

holding a first optical element in opposition to a 
second optical element for interalignment therewith, the second 
optical element including a plurality of receivers including a 
first marginal receiver and a second marginal receiver, the 
first, optical element having a first axis and a second axis, and 
the second optical element having a third axis and a fourth 
axis , 

detecting a plurality of light signals that pass 
from the first optical element to the second optical element, 
the light signals including a first light signal that impinges 
on the first marginal receiver, and a second light signal that 
impinges on the second marginal receiver, 

in a first phase of operation the first optical 
element is rotated about a Y-axis until the second axis is in a 
parallel alignment with the fourth axis and in a second phase of 
operation the first optical element is displaced along the Y- 
axis and 

while displacing the first optical element along 
the Y-axis, recording a signal strength of one of the first 
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light signal and the second light signal and displacing the 
first optical element along a Z-axis until the signal strength 
has an optimal value. 

There is also provided in accordance with a pre- 
ferred embodiment of the present invention a computer software 
product, which includes a computer-readable medium in which pro- 
gram instructions are stored and the program instructions are 
read by a computer, wherein the computer is connected to an 
alignment apparatus. The alignment apparatus includes a chuck 
holding a first optical element thereon, the first optical ele- 
ment opposing a second optical element for interalignment there- 
with, the second optical element includes a plurality of receiv- 
ers, which includes a first marginal receiver and a second mar- 
ginal receiver, the first optical element having a first axis 
and a second axis, the second optical element having a third 
axis and a fourth axis, a plurality of detectors, each of the 
detectors detecting light emitted from the first optical element 
that impinges on one of the receivers, the detectors include a 
first detector that detects the light impinging on the first 
marginal receiver, and a second detector that detects the light 
impinging on the second marginal receiver, a first actuator for 
displacing the chuck on a Y-axis, the first actuator being 
driven by a first motor, a second actuator for displacing the 
chuck on a Z-axis, the second actuator being driven by a second 
motor, a third actuator for rotating the chuck about the Y-axis, 
the third actuator being driven by a third motor, wherein the 
computer receives a plurality of signals from the detectors, the 
signals including a first signal from the first detector, a sec- 
ond signal from the second detector, the computer transmitting 
control signals to energize the first motor, the second motor, 
and the third motor and the instructions, when read by the com- 
puter, causes the computer to perform the steps of: in a first 
phase of operation, energizing the third motor to rotate the 
chuck about one Y-axis until the second axis is in a parallel 
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alignment with the fourth axis and in a second phase of opera- 
tion energizing the first motor to displace the chuck along the 
Y-axis, while performing the step of energizing the first motor, 
recording a response of one of the first detector, the second 
detector and energizing the second motor to displace the chuck 
along the Z-axis until a first function of the response has an 
optimal value. 

There is further provided in accordance with a pre- 
ferred embodiment of the present invention an alignment appara- 
tus, which includes a chuck holding a first optical element 
thereon, the first optical element opposing a second optical 
element for interalignment therewith, the second optical element 
including a plurality of receivers including a first marginal 
receiver and a second marginal receiver, the first optical ele- 
ment having a first axis, the second optical element having a 
second axis, a plurality of detectors, each of the detectors de- 
tecting light emitted from the first optical element that im- 
pinges on one of the receivers, the detectors include a first 
detector that detects the light impinging on the first marginal 
receiver, and a second detector that detects the light impinging 
on the second marginal receiver, a first actuator for displacing 
the chuck on a Y-axis, the first actuator being driven by a 
first motor, a second actuator for displacing the chuck on a Z- 
axis, the second actuator being driven by a second motor, a 
third actuator for rotating the chuck about the Y-axis, the 
third actuator being driven by a third motor, a computer, re- 
ceiving a plurality of signals from the detectors, the signals 
including a first signal from the first detector, a second sig- 
nal from the second detector, the computer transmitting control 
signals to energize the first motor, the second motor, and the 
third motor, computer program instructions being stored in the 
computer, which instructions. When the instructions are read by 
the computer, the computer performs the steps of: in a first 
phase of operation energizing the third motor to rotate the 
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chuck about the Y-axis until the first axis is in a parallel 
alignment with the second axis and in a second phase of opera- 
tion energizing the first motor to displace the chuck along the 
Y-axis. While performing the step of energizing the first motor, 
recording a response of one of the first detector, the second 
detector and energizing the second motor to displace the chuck 
along the Z-axis until a first function of the response has an 
optimal value. 

There is further provided in accordance with yet 
another preferred embodiment of the present invention an align- 
ment apparatus, which includes a chuck holding a first optical 
element thereon, the first optical element opposing a second op- 
tical element for interalignment therewith, the second optical 
element being carried on a substrate, the second optical element 
including a plurality of receivers including a first marginal 
receiver and a second marginal receiver, the first optical ele- 
ment having a first axis and a second axis, the second optical 
element having a third axis and a fourth axis, a first actuator 
for displacing the chuck on a Y-axis, the first actuator being 
driven by a first motor, a second actuator for displacing the 
chuck on a Z-axis, the second actuator being driven by a second 
motor, a third actuator for rotating the chuck about the Y-axis, 
the third actuator being driven by a third motor, a fourth ac- 
tuator for rotating the chuck about the Z-axis, the fourth ac- 
tuator being driven by a fourth motor, a third optical element, 
directing a beam along the Z-axis in a light path that extends 
between a light, source and the second optical element via the 
first optical element, a plurality of detectors, each of the de- 
tectors detecting the beam impinging on one of the receivers, 
the detectors including a first detector that detects the beam 
impinging on the first marginal receiver, and a second detector 
that detects the beam impinging on the second marginal receiver, 
a computer, receiving a plurality of signals from the detectors, 
the signals including a first signal from the first detector, a 
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second signal from the second detector, the computer transmit- 
ting control signals to energize the first motor, the second mo- 
tor, the third motor, and the fourth motor, computer program in- 
structions being stored in the computer, which instructions, 
when read by the computer. The computer performs the steps of: 
in a first phase of operation energizing the third motor to ro- 
tate the chuck about the Y-axis until the second axis is in par- 
allel alignment with the fourth axis, in a second phase of op- 
eration energizing the first motor to displace the chuck along 
the Y-axis, while performing the step of energizing the first 
motor, recording a response of one of the first detector, the 
second detector and energizing the second motor to displace the 
chuck along the Z-axis until a first function of the response 
has an optimal value and in a third phase of operation energiz- 
ing the fourth motor to rotate the chuck about the Z-axis until 
the first signal and the second signal are equalized. 

Further in accordance with a preferred embodiment 
of the present invention the first axis and the third axis are 
substantially parallel and second and the fourth axis are sub- 
stantially parallel. 

Still further in accordance with a preferred em- 
bodiment of the present invention the first axis and the second 
axis are substantially orthogonal and the third axis and the 
fourth axis are substantially orthogonal. 

Further in accordance with a preferred embodiment 
of the present invention the step of recording the signal 
strength further includes the step of determining a full-width 
half maximum (FWHM) of the signal strength. 

Additionally in accordance with a preferred embodi- 
ment of the present invention the step of recording the signal 
strength further includes determining a full-width half maximum 
squared of the signal strength, wherein the optimal value is a 
minimum value of the full-width half maximum squared. 
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Further in accordance with a preferred embodiment 
of the present invention the method also includes the steps of: 

displacing the first optical element stepwise on an 
interval of the Z-axis, defining a plurality of incremental po- 
sitions thereon, in the first phase of operation, such that at 
each of the incremental positions displacing the first optical 
element on an interval of the Y-axis, 

while displacing the first optical element on the 
interval of the Y-axis is being performed, determining a func- 
tion of tne first light signal and determining the function of 
the second light signal, 

after the step of displacing the first optical ele- 
ment stepwise on the interval of the Z-axis has been performed, 
determining a first point on the Z-axis where the function of 
the first light signal has a first optimum value and a second 
point on the Z-axis where the function of the second light sig- 
nal has a second optimum value, calculating a difference AZ be- 
tween the second point and the first point, responsive to the 
step of calculating rotating the first optical element about the 
Y-axis to reduce a distance between the first marginal receiver 
and the second point. 

Preferably, the step of rotating the first optical 
element about the Y-axis includes rotation by an angle 9 that is 
given by 

9 = sin -1 (AZ/d) 

where d is a displacement between the first marginal receiver 
and the second marginal receiver. 

Further in accordance with a preferred embodiment 
of the present invention the function is a full-width half maxi- 
mum, the first optimum value and the second optimum value are 
each a minimum value of the function. 

Additionally in accordance with a preferred embodi- 
ment of the present invention the method further includes the 
steps of, in the second phase of operation: 
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in a first iteration displacing the first optical 
element on an interval of the Y-axis, 

while rhe step of displacing the first optical ele- 
ment is being performed in the first iteration, determining a 
function of at least one of the light signals to define a first 
determination of the function, 

displacing the first optical element on the Z-axis 
by a first increment; 

in a second iteration, displacing the first optical 
element on the interval of the Y-axis; 

while the step of displacing the first optical 
element is being performed in the second iteration, determining 
the function to define a second determination of the function; 
and responsive to a difference between the first determination 
and the second determination, displacing the first optical ele- 
ment on the Z-axis by a second increment. 

Further in accordance with a preferred embodiment 
of the present invention the function is a full-width half maxi- 
mum squared. 

Still further in accordance with a preferred em- 
bodiment of the present invention the step of determining the 
function includes determining a sum of the function of a first 
one of the light signals and the function of a second one of the 
light signals. 

Further in accordance with a preferred embodiment 
of the present invention the method also includes the steps of: 

in a first iteration: displacing the first optical 
element on an interval of the Y-axis, 

while the step of displacing the first optical ele- 
ment is being performed in the first iteration, determining a 
first point on the Y-axis wherein a first signal has a first 
maximum magnitude, and determining a first magnitude of a second 
signal at the first point, 
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rotating the first optical element about the Z-axis 
by a first increment, 

in a second iteration: displacing the first optical 
element on the interval of the Y-axis , while the step of dis- 
placing the first optical element is being performed in the sec- 
ond iteration, determining a second point on the Y-axis wherein 
the first light signal has a second maximum magnitude, and de- 
termining a second magnitude of the second light signal at the 
second point, 

responsive to a difference between the first magni- 
tude and the second magnitude, rotating the first optical ele- 
ment about the Z-axis by a second increment. 

Further in accordance with a preferred embodiment 
of the present invention the computer software product the first 
function includes a function of a full-width half maximum of a 
plot of the response. 

Preferably, the first function is a full-width half 
maximum squared, and the optimal value is a minimum value. 

Additionally in accordance with a preferred embodi- 
ment of the present invention the second function is a full- 
width half maximum, the first optimum value and the second opti- 
mum value are each a minimum value of the second function. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a better understanding of these and other ob- 
jects of the present invention, reference is made to the de- 
tailed description of the invention, by way of example, which is 
to be read in conjunction with the following drawings, wherein: 

Fig. 1 is an elevation of an assembly workstation, 
which is constructed and operative in accordance with a pre- 
ferred embodiment of the present invention; 

Fig. 2 is a partially schematic perspective view of 
a section of a manipulator portion of the assembly workstation 
shown in Fig. 1, having an optical assembly in position for 
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alignment thereon in accordance with a preferred embodiment of 
the present invention; 

Fig. 3 is an enlarged view of a portion of the ma- 
nipulator portion shown in Fig. 2, indicating rotations and lin- 
ear motions about the XY-plane and the XZ-plane, in accordance 
with a preferred embodiment of the present invention; 

Figs. 4A - 4D are screen displays of a computer pro- 
gram used is controlling the workstation shown in Fig. 1, in ac- 
cordance with a preferred embodiment of the present invention 

Fig. 5 shows a chart that is displayed on the 
screen display of Fig. 4B, representing the current signal in- 
tensity of the detector output channels, in accordance with a 
preferred embodiment of the present invention; 

Fig. 6 shows a waveform that is displayed on the 
screen display of Fig. 4B showing the Z-location of a chuck of 
the workstation of Fig. 1 as a function of time, in accordance 
with a preferred embodiment of the present invention; 

Fig. 7 shows a waveform that is displayed on the 
screen display of Fig. 4B showing the Y-location of a chuck of 
the workstation of Fig. 1 as a function of time, in accordance 
with a preferred embodiment of the present invention; 

Fig. 8 shows a waveform that is displayed on the 
screen display of Fig. 4B showing the 6Y-location of a chuck of 
the workstation of Fig. 1 as a function of time, in accordance 
with a preferred embodiment of the present invention; 

Fig. 9 shows a waveform that is displayed on the 
screen display of Fig. 4C showing the 9Z-location of a chuck of 
the workstation of Fig. 1 as a function of time, in accordance 
with a preferred embodiment of the present invention; 

Fig. 10 shows a plurality of waveforms that are 
displayed on the screen display of Fig. 4B, showing a distribu- 
tion of radiation intensities at the outputs of the detectors of 
the workstation shown in Fig. 1, as a function of the position 
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of the chuck along the Y-axis in accordance with a preferred em- 
bodiment of the present invention; 

Fig. 11 shows two waveforms each showing a signal 
intensity plot of a detector channel, for the chuck of the work- 
station of Fig. 1 at different locations along the Z-axis, in 
accordance with a preferred embodiment of the present invention; 

Fig. 12 shows two FWHM waveform plots that are dis- 
played on the screen display of Fig. 4D for two detector chan- 
nels as a function of the Z-location of the chuck of the work- 
station of Fig. 1, in accordance with a preferred embodiment of 
the present invention; 

Fig. 13 shows two FWHM waveform plots that are dis- 
played on the screen display of Fig. 4D for two detector chan- 
nels as a function of the Z-location of the chuck of the work- 
station of Fig. 1, wherein the chuck has a correct 6Y alignment, 
in accordance with a preferred embodiment of the present inven- 
tion; 

Fig. 14 shows a waveform that is displayed on the 
screen display of Fig. 4C, illustrating the sum of the intensi- 
ties of the detector outputs of the workstation of Fig. 1 as a 
function of the Z-location of the chuck, in accordance with a 
preferred embodiment of the present invention; 

Fig. 15 shows a waveform that is displayed on the 
screen display of Fig. 4C, illustrating the sum of the squares 
of the FWHM of the detector outputs of the workstation of Fig. 1 
as a function of the Z-location of the chuck, in accordance with 
a preferred embodiment of the present invention; 

Fig. 16 is a flow diagram illustrating a procedure 
of alignment in accordance with a preferred embodiment of the 
present invention; 

Fig. 17 is a flow diagram of a procedure for ad- 
justing the relative positions of two optical elements in the Z- 
axis and performing 8Y movements to obtain a mutually parallel 
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alignment with raspect to the Y-axis, in accordance with a pre- 
ferred embodiment of the present invention; 

Tig. 18 is a geometric illustration that is helpful 
in understanding a calculation performed in the procedure illus- 
trated in Fig. 17, in accordance with a preferred embodiment of 
the present invention; 

Fig. 19 is a flow diagram of a procedure for deter- 
mining the displacement between two optical elements on an opti- 
cal axis, in accordance with a preferred embodiment of the pre- 
sent invention; and 

Fig. 20 is a flow diagram of a procedure for rota- 
tionally aligning two optical elements about an optical axis, in 
accordance with a preferred embodiment of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

In the following description, numerous specific de- 
tails are set forth in order to provide a thorough understanding 
of the present invention. It will be apparent however, to one 
skilled in the art that the present invention may be practiced 
without these specific details. In other instances well-known 
circuits, control logic, and the details of computer program in- 
structions for conventional algorithms and processes have not 
been shown in detail in order not to obscure the present inven- 
tion unnecessarily. 

Software programming code, which embodies aspects of 
the present invention, is typically stored in permanent storage 
of some type, such as a computer readable medium. In a cli- 
ent/server environment, such software programming code may be 
stored on a client or a server. The software programming code 
may be embodied on any of a variety of known media for use with 
a data processing system, such as a diskette, or hard drive, or 
CD-ROM. The code may be distributed on such media, or may be 
distributed to users from the memory or storage of one computer 
system over a network of some type to other computer systems for 
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use by users of such other systems. The techniques and methods 
for embodying software program code on physical media and/or 
distributing software code via networks are well known and will 
not be further discussed herein. 

The term "optical" used throughout the present speci- 
fication and claims includes electromagnetic radiation in the 
UV, visible and IR spectral wavebands. The term "light" used 
throughout the present specification and claims includes elec- 
tromagnetic radiation in the UV, visible and IR spectral wave- 
bands . 

Overview . 

The disclosure herein is organized into three sec- 
tions: (1) a disclosure of physical elements of an alignment ap- 
paratus; (2) an explanation of a graphical computer program that 
monitors and controls the alignment apparatus; and (3) a disclo- 
sure of the operating procedures of the apparatus, using the 
computer program to achieve an alignment of optical components 
of an optical assembly. 

Alignment Apparatus. 

Turning now to the drawings, reference is made to 
Fig. 1, which shows an assembly station 1 that is constructed 
and operative in accordance with a preferred embodiment of the 
invention. In describing the assembly station 1, the following 
conventions are used. The Z-axis is nominally horizontal, and 
coincides with the optical axis of an optical element that is 
being held and manipulated. The X-axis refers to the horizontal 
axis that is orthogonal to the Z-axis. The Y-axis is the verti- 
cal axis, and is orthogonal to both the X-axis and the Z-axis. 
Rotation about the X-axis, Y-axis, and Z-axis is referred to as 
6X, 9Y and 9Z motion or rotation respectively. Of course it is 
possible to operate the apparatus disclosed herein in many posi- 
tions and orientations, in which case the X-axis, Y-axis, and Z- 
axis are appropriately translated. 
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The assembly station 1 has an input section 2, a ma- 
nipulator subassembly 3, and a stage subassembly 4. The input 
section 2 nas the general function of direcring an aligned beam 
of light into the manipulator subassembly 3. An optical assembly 
under construction is mounted on the stage subassembly 4. In op- 
eration rhe stage subassembly 4 carries an optical assembly un- 
der construction (not shown) , including certain optical compo- 
nents which are to be aligned, as described hereinbelow with 
reference to Fig. 2. A viewing section 5 allows an operator to 
view the working stage subassembly 4, and evaluate the operation 
of the assembly station 1 visually, using a stereo microscope 6. 

Further details of the input section 2 are now dis- 
closed. A general purpose computer 7 is provided to control 
movements occurring within the manipulator subassembly 3. These 
movements will be disclosed in further detail hereinbelow. An 
input lens 8 is mounted on a stage 9. The stage 9 is capable of 
motion along the X-axis, Y-axis, and is also capable of 0X and 
6Y motion. The lens 8 also moves along a guide-rail 10, which is 
aligned in the Z-axis. 

Reference is now made to Fig. 2, which illustrates 
the manipulator subassembly 3 in further detail. The description 
of Fig. 2 is to be read in conjunction with Fig. 1. A frame 11 
carries a vacuum-held chuck 12, which is connected to a vacuum 
line 14. The chuck 12 is linked to actuators 16, 18, 20, which 
respectively provide the chuck 12 with motion along the X-axis, 
Y-axis, and Z-axis. Actuators 22, 24, 26 respectively enable 9X, 
6Y and 0Z motion of the chuck 12. Both the actuator 16 and the 
actuator 18 are equipped with a piezocontroller (not shown) . The 
X-axis and Y-axis piezocontrollers are provided in order to con- 
trol movement in their respective axes, with extreme accuracy. 
The actuators 16, 18, 20, 22, 24, 26 are respectively operated 
by motors 17, 19, 21, 23, 25, 27. The chuck 12 can move inde- 
pendently of the stage 9 (Fig. 1) . 
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Reference is now made Fig. 3, which illustrates por- 
tions of the manipulator subassembly 3 and the stage subassem- 
bly 4 in further detail. The description of Fig. 3 is to be read 
in conjunction with Fig. 1 and Fig. 2. An optical element 38 is 
secured to the lower end of the chuck 12 in proximity to a sub- 
strate 40. The optical element 38 and the substrate 40 comprise 
portions of an optical assembly being manufactured. The optical 
element 38 is typically a linear arrangement of optical devices 
or sub-elements, such as an array of emitters, a cylindrical 
lens, or an array of lenses, for example cylindrical lenses. The 
chuck 12 is aligned with the lens 8 in the Z-axis so that a beam 
is transmitted via the lens 8 through the optical element 38. 
Motions of the chuck 12 relative to the substrate 40 are indi- 
cated by arrows in order to facilitate understanding of the op- 
eration of the assembly station 1. Motion of the chuck 12 along 
the Z-axis is shown by a double-pointed arrow 37 . 9Z motion is 
indicated by an arrow 39. Motion of the chuck 12 along the Y- 
axis is shown by a double-pointed arrow 41 . 9Y motion is indi- 
cated by an arrow 43. 

Reference is again made to Fig. 2. The optical ele- 
ment 38 is located opposite an array 44 of optical receivers, 
such as waveguides or lenses, which include corresponding off- 
center marginal receivers 46, 48, and a central receiver 50. The 
substrate 40 and the array 44 are carried on a stage 58. The 
beam directed through the optical element 38 impinges on the ar- 
ray 44. It is an object of the assembly station 1 to align the 
array 44 with respect to the optical element 38 such that the 
optical radiation received at each of the corresponding off- 
center elements of the array 44, for example the marginal re- 
ceiver 4 6 and the marginal receiver 48, are equal. During the 
alignment procedure the substrate 40 and the array 44 are car- 
ried on a stage 58. 

A radiation detector 62 is located at the output end 
of each of the receiving elements of the array 44 and connected 



39024 



Ver. 39024S2Q 



15 

to the computer 7 by an individual communication channel 60. In 
some embodiments tne optical receivers of the array 44 may be 
the detectors themselves. The radiation from the emitters or 
lenses in cne optical element 38 is directed to the receivers of 
the array 44, and is detected by the detectors 62. Signals pro- 
duced in the detectors 62, which are responsive to the intensity 
of the detected light, are transmitted to the computer 7. Light 
from the emitters or lenses of the optical element 38 can also 
be detected by camera lenses (not shown) for documenting the 
alignment process or to aid a human observer. 

In the presently preferred embodiment, the beams of 
radiation emitted by the sub-elements of element 3 8 impinge on 
the elements of the array 44. Fig. 2 shows typical radiation 
beams 52, and 56, impinging on the off-center receiving elements 
46 and 48 of the array 44, respectively, and a beam 54 impinging 
on the central receiver 50 of the array 44. The beam 54 origi- 
nates from a central element of the optical element 38 and is 
directed along the principal optical axis of the array 44, to 
the central receiver 50. The beams 52, 56 originate from indi- 
vidual elements of the optical element 38, and are each specifi- 
cally directed to one of the off-center marginal receivers 46, 
48. In the schematic portion of Fig. 2, the divergence of the 
beams 52, 5 6 and the dimensions of the optical element 38 and 
the array 44 have been exaggerated for clarity of presentation. 
A rod lens 51 focuses the beams in the vertical axis. The beams 
then pass through an array of rib waveguides 53. Upon reaching 
the array 44, each of the beams 52, 54, 56 has a relatively wide 
spread (400 urn) along the X-axis, and is focused by the corre- 
sponding element of the array 44 into a narrow line image, meas- 
uring 2 urn on the Y-axis. Currently the pitch of the line images 
in the X-axis, that is, the distance between the center of a 
line image and the center of its immediate neighbor, is 750 urn. 
It is required to achieve alignment with minimal variation from 
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an optimum position. Current tolerances are 5 urn in the X-axis, 
0.1 ]im in the Y-axis, and 1 um in the Z-axis . 
Alignment Procedure Overview. 

Reference is again made to Fig. 3. The approach of 
the alignment procedure is to locate the array 44 on the sub- 
strate 40, relative to the element 38, so that each of the de- 
tectors 62 receives the maximum optical radiation transmitted by 
the optical element 38. 

The array 44 (Fig. 2) is fixed to the substrate 40, 
by any suitable means and the chuck 12, to which is attached the 
element 38, is moved in the XZ plane, the XY plane, rotated 
about the XZ plane (9Z movement), and rotated about the XY 
plane (9Y movement) typically in iterative procedures. 

It will be appreciated that due to possible angular 
misalignment about the Z-axis, as the chuck 12 and the optical 
element 38 change their Y-position, different detectors of the 
array 44 may receive radiation from elements of the optical ele- 
ment 38 at different Y-positions of the chuck 12. 

It will be further appreciated that due to possible 
angular misalignment about the Y-axis, as the chuck 12 and the 
optical element 38 change their Z-position, the focal points of 
different elements of the optical element 38 will coincide with 
the array 44 at different Z-positions of the chuck 12. 

The steps are as follows: 
(A) Angular Alignment of the Chuck 12 about the Y-axis. 

(1) The chuck 12 is moved along the Z-axis of the XZ 
plane in increments, as indicated by the arrow 37. 

(2) At each of the increments in step (1), the chuck 
is moved or scanned in the Y-axis of the XY plane, as indicated 
by the arrow 41, and radiation is measured from at least two 
corresponding off-center detectors 62. 

(3) Based on an analysis of the measurements made in 
step (2), the chuck 12 is rotated about the Y-axis by a computed 
angle, as indicated by the arrow 43. The required 9Y rotation of 
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the chuck 12 has now been completed. The particulars of this op- 
eration are is disclosed in further detail hereinbelow, with re- 
spect to Fig. 16 and Fig. 17. 

(B) Optimum Position of the Chuck 12 in the Z-Axis. 

(4) Step (1) is repeated. 

(5) At each position of the chuck 12 in step (4), the 
chuck is moved or scanned in the Y-axis of the XY plane, as in- 
dicated by the arrow 41, and radiation is measured from the de- 
tectors 62. The optimum position of the chuck 12 in the line of 
movement in the Z-axis of the XZ plane, as indicated by the ar- 
row 37, is determined by analysis of the measurements in this 
step with respect to Fig. 16 and Fig. 19. 

(C) Angular Alignment of the Chuck 12 about the Z-axis. 

(6) The chuck is rotated about the Z-axis of the XZ 
plane, in angular increments, as indicated by the arrow 39. 

(7) At each of the increments in step (6) the chuck 
is moved or scanned in the Y-axis of the XY plane, as indicated 
by the arrow 41, and radiation is measured from at least two 
corresponding off-center detectors 62. 

(8) Steps (6) to (7) are repeated until required 
criteria are met in the measurements made in step (7), as is 
disclosed hereinbelow with respect to Fig. 16 and Fig. 20. 

(D) Optimum Position of the Chuck 12 in the Y-Axis. 

(9) Finally, the chuck is again moved or scanned in 
the XY plane and radiation is measured from at least one detec- 
tor 62. The optimum position of the chuck 12 in the line of 
movement in the XY plane, as indicated by the arrow 41, is de- 
termined from the measurements in this step. 

As indicated above, some aspects of the alignment 
procedure involve recording or measuring signals produced by the 
detectors 62 while vertically displacing the chuck 12 together 
with the optical element 38 in the Y-axis relative to the ar- 
ray 44, as indicated by the arrow 41. This procedure is referred 
to herein as a "vertical scan", or "vertical scanning opera- 
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tion". Following alignment, as disclosed hereinbelow, the opti- 
cal element 38 is mounted or adhered to the substrate 40. Simi- 
larly, displacements of the chuck 12 and the optical element 38 
in the Z-axxs are referred to as a "horizontal scan", or "hori- 
zontal scanning operation". 

The radiation measured is seen on a light intensity 
plot and in general, the maximum radiation is measured at the 
optimum position of the chuck 12, when compared with non-optimum 
positions of the chuck 12. The best focus is reached at the 
point on the Z-axis where the rate of change of the detected 
light intensity attains its maximum during a vertical movement 
of the optical element 38 relative to the array 44, referred to 
herein as "sensitivity", or "acuteness". Generally, this occurs 
when the detected light intensity is maximum, and the width of a 
peak, conveniently measured by its full-width-half maximum, as 
seen on a plot of the light intensity during the vertical move- 
ment, is at a minimum, as will be explained in further detail 
hereinbelow. 

GZ movements of the chuck 12, as indicated by the ar- 
row 39, which create an angle of rotation about the longitudinal 
axis of the optical element 38 and the longitudinal axis of the 
array 44, have effects on the off-center receivers, such as the 
marginal receivers 46, 48. If there exists any vertical devia- 
tion about the Z-axis during the alignment between the optical 
element 38 and the array 44, then the two focal spots of the 
beams 52, 5 6 do not have the same intensities, and the radiation 
received by the marginal receivers 46, 48 is unequal. Further- 
more, the intensity plots taken from the marginal receivers 4 6, 
4 8 during vertical scanning operations have different character- 
istics, such as shape, phase and FWHM. 

9Y movements of the chuck 12, as indicated by the ar- 
row 43, change the direction of the beams, for example, the 
beams 52, 54, 56. If there exists any angular misalignment be- 
tween the optical element 38 and the array 44 about the Y-axis, 
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then the two focal spots of the beams 52, 5 6 do not have the 
same intensity values, and intensity plots taken from the mar- 
ginal receivers 46, 48 during vertical scanning operations have 
different characteristics, such as shape, phase and FWHM. 
Computer Program and Waveform Display. 

Reference is now made to Figs. 4A - 4D, which il- 
lustrate, when combined into a single display, a screen display 
6 6 of a computer program that operates in accordance with a pre- 
ferred embodiment of the invention. The descriprions of Figs. 4A 
- 4D are to be read in conjunction with Fig. 1. It is appreci- 
ated that the various graphical displays 80, 82, 88, 90, 98, 
100, 112, 136, 138 and 144, shown in Figs. 4B - 4D, are shown 
for illustrative purposes only and each one of these displays is 
described in more detail hereinbelow. In a preferred embodiment 
of the invention the computer 7 is controlled by the program as- 
sociated with the screen display 66. The screen display 66 and 
the associated program may be created using the programming 
tool, Labview (TM) , available from National Instruments Corpora- 
tion, 11500 N. Mopac Expwy, Austin, TX 78759-3504. By appropri- 
ately instructing the computer 7 to vary control signals, the 
program associated with the screen display 66 can control the 
movements of the various components of the assembly station 1 to 
obtain the correct alignment between the optical element 38 and 
the array 44. Suitable I/O facilities, signal conditioners, and 
A/D converters (not shown) are controlled by the computer 7 and 
are linked, via a cable 64, to the motors 17, 19, 21, 23, 25, 
27, which energize the various actuators of the assembly sta- 
tion 1 . 

It will be appreciated that other computer programs 
may also be written to control the motors 17, 19, 21, 23, 25, 27 
according to the teachings of the invention, which can be devel- 
oped using various computer languages and development tools as 
are known to those skilled in the art. 
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Reference is again made to Figs. 2 and 4A. A front 
panel 68 is included in the screen display 66. On Fig 4A is 
shown a program control 70, which regulates movement of the 
chuck 12 along the Z-axis . Also shown on Fig. 4A is a program 
control 72, which regulates movement of the chuck 12 along the 
X-axis, and a control 74 regulates movement of the chuck 12 
along the Y-axis. SY and 9Z movements of the chuck are regulated 
by the program controls 76, 78 respectively. Above each of the 
controls 72, 74, 70, 76, 78 there is an indication of the name 
and the position of a particular actuator, motor, and piezocon- 
troller of the assembly station 1, the status of which it dis- 
plays. Various graphic displays are also provided by the screen 
display 66 . 

Reference is now made to Fig. 5, which illustrates a 
representative histogram output of the graphic display 8 0 of the 
screen display 66. The description of Fig. 5 is to be read in 
conjunction with Figs. 2, 3, and 4B. The program associated with 
the screen display 66 executes iteratively to optimize the 
alignment of the array 44 with respect to the optical ele- 
ment 38. During its operation the program associated with the 
screen display 66 provides a real-time information display on a 
front panel 68. Each of the channels 60 (Fig. 2) corresponds to 
one of the detectors 62, and is displayed on various real-time 
graphs, which assist in monitoring an alignment operation. Sig- 
nal magnitude, representing the current signal intensity on each 
of the channels 60, is displayed in a unique color on the 
graphic display 80 (Fig. 4B) . Presenting each channel in a 
unique color allows rapid discrimination by a human observer. 
For example, when the chuck 12 is moved vertically along its Y- 
axis, as indicated by the arrow 41 (Fig. 3), evaluation of the 
histogram enables the operator to observe if the variations in 
the signal intensities of different channels are synchronized or 
not, as is explained in further detail hereinbelow, for example 
with reference to Fig. 20. 
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Reference is now made to Fig. 6, which illustrates a 
representative output of the graphic display 82 of the screen 
display 66. The description of Fig. 6 is to be read in conjunc- 
tion with Figs. 2, 3, and 4B. During scanning operations along 
the Y-axis, and along the Z-axis, as respectively indicated by 
the arrow 41 and the arrow 37 (Fig. 3), the location of the 
chuck 12 is plotted as a function of the scan time as it moves 
along the Z axis. This plot is shown on the graphic display 82 
(Fig. 4B) . The chuck 12 moves from a first starting point 83, 
performing a horizontal scan along the Z-axis to reach a first 
end point 84. The chuck 12 then rapidly returns to the starting 
position, indicated by a point 85, and again executes the hori- 
zontal scan, wherein the end of the traversal is represented by 
a point 86. As the procedure iterates, as outlined hereinabove 
and described in more detail hereinbelow, for example, in the 
procedure that is disclosed with reference to Fig. 19, the move- 
ment of the chuck 12 in the Z axis, may be represented by the 
"saw-tooth" plot, which is shown in Fig. 6. 

The effect of displacing the chuck 12 along the Z- 
axis of the XZ plane, as indicated by the arrow 37 (Fig. 3), on 
the intensity plot of a scanning operation can be conveniently 
assessed by the operator and the automatic identification of an 
optimum Z-location by the program associated with the screen 
display 66 visually confirmed, as is disclosed hereinbelow in 
the section entitled "Operation". 

Reference is now made to Fig. 7, which illustrates a 
representative output of the graphic display 88 of the screen 
display 66. The description of Fig. 7 is to be read in conjunc- 
tion with Figs. 2, 3, and 4B . The location of the chuck 12, on 
the Y-axis as a function of time, is shown on the graphic dis- 
play 88 (Fig. 4B) . As described hereinabove with respect to Fig. 
6, the movement of the chuck 12 along the Y-axis, as indicated 
by the arrow 41 (Fig. 3), is similarly represented by a "saw- 
tooth" plot in Fig. 7. Iterative vertical movements of the 
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chuck 12 occur, for example, during the alignment procedure that 
is disclosed hereinbeiow with reference to Fig. 19. A vertical 
scanning movement commences with the chuck 12 being typically 
located at a first extreme end of its travel along the Y-axis, 
shown as a point 95 . During a vertical scanning movement the 
chuck 12 is displaced vertically until it preferably reaches a 
second extreme end of its current range of travel along the Y- 
axis, shown as a point 97. The chuck 12 is then rapidly returned 
to the first extreme end, which is now represented by a 
point 99. The vertical scanning motion is iterated during an 
alignment operation, producing the saw-tooth appearance of the 
plot in Fig. 7. As the procedure iterates, as outlined herein- 
above and described in more detail hereinbeiow, for example, in 
the procedure that is disclosed with reference to Fig. 20, the 
movement of the chuck 12 in the Y axis, may be represented by 
the "saw-tooth" plot, which is shown in Fig. 7. Similarly to 
Fig. 6, the graphic display 88 may be used for quality control 
purposes and retrospective analysis of the operation of the pro- 
gram associated with the screen display 66 by the operator. 

Reference is now made to Fig. 8, which illustrates a 
representative presentation of the graphic display 90 of the 
screen display 66. The description of Fig. 8 is to be read in 
conjunction with Figs. 2, 3, and 4B . 6Y rotation of the 
chuck 12, as indicated by the arrow 43 (Fig. 3), is displayed on 
the graphic display 90 (Fig. 4B). While the linear position of 
the chuck 12 is changed in the Y-axis, as indicated by the ar- 
row 41 (Fig. 3), the angular position of the chuck 12 is held 
stationary as represented by the horizontal segments of the plot 
shown in Fig. 8. Thus, between a point 87 and a point 89, the 
chuck 12 moves vertically in the XY plane, and between a 
point 89 and a point 91, the chuck 12 is rotated through an an- 
gle GY1 to 6Y2 . It is noted that as the scan time progresses the 
SY motions are executed in discrete steps until the required 9Y 
rotation is achieved, as typically represented by the line seg- 
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merit 92. This is explained in further detail hereinbelow with 
reference to Fig. 17. 

In practice the graphic display 88 is an adjunct for 
quality control purposes and retrospective analysis of the op- 
eration of the program associated with the screen display 66. 

Reference is now made to Fig. 9, which illustrates a 
representative presentation of the graphic display 98 of the 
screen display 66. The description of Fig. 9 is to be read in 
conjunction with Figs. 2, 3, and 4C. Systematic 9Z movements of 
the chuck 12, as indicated by the arrow 39 (Fig. 3), are dis- 
played as a function of time on the graphic display 98 
(Fig. 4C) . As outlined hereinabove, the 0Z rotation is carried 
out iteratively. At each iteration the chuck 12 remains station- 
ary at a point on the Z-axis while its linear position is 
changed in the Y-axis, as indicated by the arrow 41 (Fig. 3) . At 
a point 93 a vertical movement of the chuck 12 has just been 
completed. The chuck 12 is rotated through an angle 9Z1 to 9Z2 
between the point 93 and a point 94. At the point 94 the 
chuck 12 again is displaced on the Y-axis of the XY plane, and 
between a point 94 and a point 96, the chuck 12 is again ro- 
tated through an angle 9Z2 to 9Z3 . 9Z rotation is carried out 
iteratively until the average 9Z angle of the chuck 12 has sta- 
bilized sufficiently, as can be seen by the slow convergence of 
the plot of Fig. 9. 

In practice the graphic display 98 is an adjunct for 
quality control purposes and retrospective analysis of the op- 
eration of the program associated with the screen display 66. 

Reference is now made to Fig. 10, which illustrates a 
representative presentation of the graphic display 100 of the 
screen display 66. The description of Fig. 10 is to be read in 
conjunction with Figs. 2, 3, and 4B. The distribution of the 
signal strengths or radiation intensities as seen in the outputs 
of the detectors 62 (Fig. 2) is displayed on the graphic dis- 
play 100 (Fig. 4B) as a function of the location of the chuck 12 
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on the Y-axis. Each of the plots 101, 102, 103 represents the 
signal output of a different one of the detectors 62. The posi- 
tion of the central axis of the chuck 12 on the Z-axis is held 
constant while it is moved vertically in the XY-plane, as indi- 
cated by the arrow 41 (Fig. 3). 

It is appreciated that due to the possible misalign- 
ment of the optical element 38 relative to the array 44, as the 
chuck 12 moves along the Y-axis, the various emitters of the op- 
tical element 38 focus their radiation onto a corresponding ele- 
ment of the array 44 at different Y-positions of the chuck 12. 
Fig. 10 shows typical plots 101, 102 and 103 for the radiation 
received by three elements of the array 44, in which the radia- 
tion received, is in this particular case, of equal maximum in- 
tensity at 3 different Y-positions. 

Use of unique colors for the various channels aids 
the human observer. It is possible for the operator to draw cer- 
tain inferences from coarse inspection of the plots 101, 102, 
103. It will be noted that the width of the unimodal peak of 
each plot is identical, which indicates that there is no angular 
misalignment of the chuck 12 about the Y-axis . However, from in- 
spection of a single example of the plots 101, 102, 103, it is 
not possible to determine whether the location of the chuck 12 
on the Z-axis is optimal. It will also be appreciated that the 
maxima of the plots 101, 102, 103 occur at different points on 
the Y-axis, indicating that the 9Z angle of the chuck 12 is not 
optimum. Plots, such as the plots 101, 102, 103, may be gener- 
ated for several values of 9Z until their maxima coincide. Fur- 
ther reference may be had to the detailed description of the 
alignment operation hereinbelow, and to the description of Fig. 
19 in particular, in order to facilitate interpretation of the 
plots 101, 102, 103. 

Reference is now made to Fig. 11, which illustrates a 
representative plot of one of the channels 60 (Fig. 2). The de- 
scription of Fig. 11 is to be read in conjunction with Figs. 2, 
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4B, and 10. The plots 104, 106, taken from the graphic dis- 
play 100 (Fig. 4B), represent different iterations of the pro- 
gram associated with the screen display 66. In Fig. 11 the plot 
106 represents a vertical scan near the focal point of the sys- 
tem optics along the Z-axis . The plot 104 represents a vertical 
scan that is remote from the focal point along the Z-axis It 
will be evident that the full-width half-maximum 108 of the 
plot 104 is larger than the full-width half -maximum 110 of the 
plot 106. The inventor has discovered that the analysis of the 
full-width half-maxima of the plots 104, 106 is particularly 
useful in optimizing the alignment of the optical element 38 
with respect to the array 44. Attainment of a minimum FWHM in- 
dicates that an optimum distance between the optical element 38 
and a particular receiving element of the array 44 has been de- 
termined. The corresponding position of the chuck 12 on the Z- 
axis is then noted. For additional explanation, reference may be 
had to the section entitled "Operation". 

Reference is now made to Fig. 12, which illustrates a 
representative presentation of the graphic display 112 of the 
screen display 66. The description of Fig. 12 is to be read in 
conjunction with Figs. 2, 3, and 4D. Full-width half -maxima that 
are derived from individual intensity plots of the detectors 62 
at different steps of a horizontal scanning movement of the 
chuck 12, as indicated by the arrow 37 (Fig. 3), are plotted 
against the Z-axis on the graphic display 112 (Fig. 4D) , at a 
given value of 9Y rotation of the chuck 12, as indicated by the 
arrow 43 (Fig. 3). Although Fig. 12 illustrates FWHM plots taken 
from only two channels in the interest of clarity, for example 
the beams 52, 56 (Fig. 2), it is understood that in some embodi- 
ments a larger number of channels may be visualized on the 
graphic display 112. As the chuck 12 is moved along the Z-axis, 
the radiation intensity of each beam is measured and the FWHM is 
derived at each measurement, as described hereinbelow. The 
curves 114, 116 show an example of the variation of the FWHM 
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plots at a given GY rotation The plots 114 and 116 show two min- 
ima 118, 120, occurring at different points 122, 124 on the Z- 
axis, for each of beams 54, 56. The above procedure may be car- 
ried out for several values of 6Y unril the results represented 
by Fig. 13 are achieved. 

Reference is now made to Fig. 13, which illustrates 
another representative presentation of the graphic display 112 
of the screen display 66. The description of Fig. 13 is to be 
read in conjunction with Figs. 2, 4D, and 12. The 
curves 126, 128 are plotted in the same manner as the 
curves 114, 116 (Fig. 12) . The curves 126, 128 have min- 
ima 130, 132, which both occur at the point 134 on the Z-axis, 
indicating that the rotational alignment of the optical ele- 
ment 38 about the Y-axis is correct. A plot of the previous it- 
eration of the program associated with rhe screen display 66, 
identical in format with that of the graphic display 112, is 
shown on the graphic display 136, enabling the operator to com- 
pare the progress of the program that has occurred in successive 
iterations . 

Reference is now made to Fig. 14, which illustrates a 
representative presentation of the graphic display 138 of the 
screen display 66. The description of Fig. 14 is to be read in 
conjunction with Figs. 2, 3, and 4C. The maximum radiation in- 
tensities of the channels 60 are summed at different steps of a 
horizontal scanning movement of the chuck 12, as indicated by 
the arrow 37 (Fig. 3), and plotted against the Z-axis. The plot 
of Fig. 14 is shown on the graphic display 138 (Fig. 4C) at the 
optimum 9Y rotation of the chuck 12, as determined from Fig. 13. 
A maximum value 140 indicates the optimum location 142 of the 
chuck 12 on the Z-axis. 

Reference is now made to Fig. 15, which illustrates a 
representative presentation of the graphic display 144 of the 
screen display 66. The description of Fig. 15 is to be read in 
conjunction with Figs. 2, 3, and 4C. The FWHM squared of the 



39024 



Ver. 39024S2Q 



28 

channels 60 are summed at different steps of a horizontal scan- 
ning movement of the chuck 12, as indicated by the arrow 37 
(Fig. 3), and plotted against the Z-axis . The plot of Fig. 15 is 
shown on the graphic display 144 (Fig. 4C) . There is a minimum 
value 146 at the optimum location 148 of the chuck 12 on the Z- 
axis . 

Operation. 

Reference is now made to Fig. 16, which illustrates a 
high level flow diagram of a method of alignment in accordance 
with a preferred embodiment of the invention. The description of 
Fig. 16 is to be read in conjunction with Figs. 1, 2, 3, and 4. 
For convenience, the operation of the program associated with 
the screen display 66 is disclosed in further detail in conjunc- 
tion with the detailed description of the method shown in 
Fig. 16. It is understood that as the method is performed, the 
program associated with the screen display 66 is executing in 
the computer 7, causing it to energize and regulate the mo- 
tors 17, 19, 21, 23, 25, 27 of the assembly station 1 in order 
to perform the various actions described therein. 

Upon completion of an alignment operation, which is 
disclosed in further detail hereinbelow, the principal optical 
axis of the optical element 38, represented by the beam 54, co- 
incides with the optical axis of the central receiver 50 within 
the tolerances given above. The distance between the optical 
element 38 and array 44 is optimized for focusing the beams 52, 
54, 5 6 onto the array 44. Furthermore, there is no angle of ro- 
tation (9Z rotation) about the X-axis of the optical element 38 
and the X-axis of the array 44. Thus, a line connecting the mar- 
ginal receivers 46, 48 would lie in the XZ-plane of the optical 
element 38. Any needed 9X adjustment is performed manually, and 
is outside the scope of the invention. 

In performing the method it is assumed that an ar- 
ray 44 has been placed on a substrate 40, which in turn is car- 
ried on the stage 58, and that the optical element 38 has been 
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attached to the chuck 12. At initial step 150, preliminary me- 
chanical adjustment and electrical initialization of the assem- 
bly station 1 is performed. Any misalignment about the Y-axis is 
then compensated at step 152 by scanning along the Z-axis, and 
executxng a vertical scanning operation at each point along the 
Z-axis, and by adjusting the rotation of the chuck 12 about the 
Y-axis, as indicated by the arrow 43 (Fig. 3). Next, at step 154 
the optimum position of the chuck 12 on the Z-axis, Z 0PT r is de- 
termined. Rotational misalignment about the Z-axis is then com- 
pensated at step 156 by adjusting the rotation of the chuck 12 
about the Z-axis, as indicated by the arrow 39 (Fig. 3) . Fi- 
nally, the optimum position of the chuck 12 on the Y-axis, Y 0PT , 
is determined at step 158. 

Step 150 is now explained in further detail. The mo- 
tor 21 is energized to move the chuck 12 to an initial position, 
Z 0 , on the Z-axis. The position of the chuck 12 on the Y-axis is 
coarsely adjusted until acceptable signal levels are obtained on 
the detectors 62. An approximately balanced position as to the 
9Y and 6Z rotation of the chuck 12 is established by comparing 
the outputs of the detectors 62 that are associated with the 
marginal receivers 46, 48, while holding the position of the 
chuck 12 fixed at the point Z 0 . The appropriate graphic displays 
of the screen display 66 are used by the operator during the 
coarse adjustments of step 15 0. Initial alignment between the 
optical element 38 and the array 44 in the X-axis, including ex 
alignment, is accomplished manually, employing optical aids, 
such as the video camera 42 and the stereo microscope 6. 

Throughout the alignment operation, the motor 21 is 
utilized to displace the chuck in the Z-axis, and the motors 25, 
27 are respectively utilized for 9Y and 9Z movements or rota- 
tions. The piezocontrollers (not shown) are used in conjunction 
with the motors 17, 19 that respectively control displacement of 



39024 



Ver. 39024S2Q 



30 

the chuck 12 in the X-axis and the Y-axis, as these motions are 
required to be especially finely regulated. 

Reference is now made to Fig. 17, wherein step 152 is 
disclosed in further detail. Step 152 may be iterative in some 
applications. The description of Fig. 17 is to be read in con- 
junction with Figs. 2, 3, 4, and 16. In embodiments in which 
step 152 is iterative, the result of each iteration may be ob- 
served on the graphic display 100 (Fig. 4B) , which displays the 
FWHM of the current iteration. Cumulative progress may be ob- 
served as a FWHM plot (Fig. 12) by viewing the graphic dis- 
play 112 (Fig. 4C) . 

The location of the chuck 12 was previously set to 
the position Zg in step 150. Execution begins at initial 
step 162, and proceeds immediately to step 164. At step 164, 
while recording the response of the marginal receivers 46, 48, a 
vertical scanning movement of the chuck 12, typically between 
point 95 to point 97 (Fig. 7), is executed, as indicated by the 
arrow 41 (Fig. 3), while holding the 9Y position of the chuck 12 
fixed . 

At step 166 the FWHM of the response curve of the 
channels corresponding to each of the marginal receivers 4 6, 48 
is determined, memorized, and plotted against the position of 
the chuck 12 on the Z-axis, as typically shown in Fig. 12. The 
signals of the detectors 62 that are associated with the mar- 
ginal receivers 46, 48 can be viewed during the vertical scan- 
ning operation on the graphic display 80 (Fig. 4B), which pro- 
vides a presentation similar that shown in Fig. 5. Next, at de- 
cision step 168 a test is made to determine if movement of the 
chuck 12 along the Z-axis has reached an extreme position. 

If the determination at decision step 168 is nega- 
tive, then at step 17 0 the chuck 12 is advanced along the Z- 
axis, as indicated by the arrow 37 (Fig. 3) and control returns 
to step 164. In any case the FWHM is determined from the inten- 
sity plots corresponding to the marginal receivers 46, 48, which 
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are obtained at each position of the chuck 12 along the Z-axis. 
Cumulative FWHM plots are generated as the scan progresses along 
the Z-axis, as shown in the example of Fig. 12. 

Choosing the step size along the Z-axis requires a 
tradeoff between processing speed and accuracy. This value can 
be chosen by the user to suit a particular application. In cur- 
rent applications, it has been advantageous to employ an ini- 
tially large step, typically 10 - 20 urn. Then, after an optimum 
Z-value has been tentatively determined, the step size is de- 
creased in subsequent iterations, typically down to 0.5 - 1 um. 
When this is done the excursion along the Z-axis is localized to 
the region of the tentatively determined optimum Z-value in or- 
der to improve processing speed. 

If, at decision step 168, it is determined that the 
traversal of the chuck 12 along the Z-axis is complete, then the 
positions of the minima of the cumulative FWHM plots of the mar- 
ginal receivers 46, 48, and the difference therebetween for each 
step are determined at step 172. The cumulative FWHM plots have 
the general unimodal form shown in Fig. 12. In general, the two 
minima 118, 120 do not coincide at the completion of step 172. 
The result obtained in step 172 is a value, AZ, given by 
AZ = Z 2 - Z 1 (1) 

where Z 2 and Z]_ are the Z-values at the minima of the 
cumulative FWHM plots of the marginal receivers 46, 48. In the 
example of chuck 12, AZ would correspond to the interval between 
the point 122 and the point 124. 

Reference is now made to Fig. 18, which shows a geo- 
metric figure 17 9 drawn in the XZ plane. The description of 
Fig. 18 is helpful in understanding step 174, and is to be read 
in conjunction with Fig. 2 and Fig. 17. The Z-values Z]_ and Z 2 
that were determined in step 172 are indicated on the Z-axis as 
the points Z]_' and Z 2 ' , which are transposed as necessary, such 
that the XY-plane lies midway therebetween. A line 181 having 
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its midpoint 183 on the Z-axis has a length d, which is equal to 
the distance between the marginal receivers 46, 48. The X-axis 
passes through the midpoint 183 of the line 181. The end points 
185, 187 of the line 181 have Z-coordinates of Z]_' and Z 2 ' re- 
spectively, and the line 181 forms an angle 9 with the X-axis. 
The value of the angle 8 can readily be determined trigonometri- 
cally, and is given by 

0 = sin" 1 [<[Z 2 ' - Z X ' ]/2) /(d/2) ] = sin" 1 ( [Z 2 ' - Z^l/d) 

(2) 

In some embodiments, if the angle 9 is small, the 
arcsine term of equation (2) is approximated by a constant that 
is multiplied by the value [Z 2 ' - 1\ ] - 

Referring again to Fig. 17, at step 174 an angle of 
rotation about the Y-axis is computed according to equation (2) . 

Following the completion of step 174 control passes 
to step 180. The motor 25 is energized to execute the 9Y motion, 
rotating the chuck 12 in the appropriate direction by the angle 
that was computed in step 17 4, as indicated by the arrow 43 
(Fig. 3), so that the optical element 38 and the array 44 are 
aligned essentially parallel to one another in the XZ plane. 

In step 182 an approximate value of the optimum posi- 
tion of the optical element 38 in the Z-axis, Z Xf is obtained 
from the plot that was constructed in step 166. This value is 
found at the intersection of the response curves of the marginal 
receivers 46, 48, and can be appreciated visually on the graphic 
display 112 (Fig. 4C) . In the example of Fig. 12, the value Z x 
is the Z-coordinate of the point 115. 

In some embodiments control returns to step 164. The 
procedure may iterate a predetermined number of times, using a 
smaller step size in the movements of the chuck 12 in step 170 
as was described hereinabove. 
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Reference is now made to Fig. 19, wherein a flowchart 
illustrates step 154 (Fig. 16) in further detail. The descrip- 
tion of Fig. 19 is to be read in conjunction with Figs. 2, 4, 
16, and 18. Step 154 is iterative. 

The procedure begins at initial step 184 following 
completion of step 182, wherein the chuck 12 is positioned at 
the position Z x thar was determined in step 182. Then, at 
step 186, the position of the chuck 12 is retarded a short dis- 
tance along the Z-axis, as indicated by the arrow 37 (Fig. 3), 
in order to move its starting point slightly behind the approxi- 
mate optimum location, Z x . Preferably the starting point is 
moved to a point approximately 100 um behind the approximate op- 
timum location. At step 18 8 a vertical scanning movement of the 
chuck 12 is performed, as indicated by the arrow 41 (Fig. 3) and 
the response of at least one of the detectors 62 is tracked. The 
signals output by detectors 62 can be viewed during the vertical 
scanning operation on the graphic display 80 (Fig. 4B) , which 
provides a presentation similar that shown in Fig. 5. At 
step 190 the sum of the FWHM squared of the response curves of 
the detectors 62 being tracked is computed. A cumulative plot of 
the sum of the FWHM squared against the position of the chuck 12 
on the Z-axis may be viewed by the operator on the graphic dis- 
play 144 (Fig. 4C; Fig. 15). In order to seek a minimum value of 
the sum of the FWHM squared of the response curves of the chan- 
nels 60, the sum that is computed in the current iteration is 
subtracted in step 192 from the corresponding sum that was com- 
puted in the previous iteration. The latter is initialized to an 
arbitrary value prior to the first iteration in order to provide 
a basis of comparison at the first iteration. 

The result obtained in step 192 is tested in decision 
step 194. If the result of the subtraction is a positive number 
that exceeds a first predetermined value, then the location of 
the chuck 12 is behind its optimum position in the Z-axis, and 
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needs to be advanced. This is done in step 196, after which con- 
trol returns to step 188. 

If the result obtained in step 192 is a negative num- 
ber that is more negative than a second predetermined value, 
then the location of the chuck 12 is ahead of its optimum posi- 
tion in the Z-axis, and needs to be retarded. This is done in 
step 198, after which control returns to step 188. 

In some embodiments the step size on Z may be varied 
adaptively in step 196 and step 198. Preferred values for the 
step size are the same as were disclosed in the discussion of 
step 170 (Fig. 17) . 

If the result obtained in step 192 is within the in- 
terval defined by the first predetermined value and the second 
predetermined value, then the location on the Z-axis is consid- 
ered to be optimum, and the procedure terminates at step 200. 
The optimum point, Z 0PT , coincides with a minimum value of the 
sum of the FWHM squared of the response curves of the chan- 
nels 60. 

Reference is now made to Fig. 20, wherein a flow 
chart explains step 156 in further detail. The description of 
Fig. 20 is to be read in conjunction with Figs. 2, 3, 4, 16, and 
19. The approach is to iteratively adjust the angle 9Z using the 
nanotracking facility of the screen display 66, while holding 
the vertical position of the chuck 12 at the point on the Y-axis 
at which the light falling on one of the marginal receivers 46, 
48, has maximum intensity, and observing the response of the 
other one of the marginal receivers 46, 48 to the adjustment. 

In initial step 202, the location of the chuck 12 is 
set at the point Z 0PT , which was previously established in 
step 200 (Fig. 19) . A current roll position about the Z-axis (9Z 
rotation) is observable on the indicator of the program con- 
trol 78 of the screen display 66. Then at step 204, while re- 
cording the response of the detectors 62 corresponding to the 
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marginal receivers 46, 48, a scanning movement of the chuck 12 
is made along the Y-axis, as indicated by the arrow 41 (Fig. 3), 
holding the 9Y fixed in the position that was set in step 180 
(Fig. 17). The response of the marginal receivers 46, 48 is 
tracked, and a point Yjyj^x measured as the Y-coordinate of the 
central axis of the chuck 12, corresponding to the maximum sig- 
nal intensity detected by the marginal receiver 4 6, is identi- 
fied at step 206. At step 207 the Y-location of the maximum sig- 
nal intensity detected by the second marginal receiver 48 is 
noted. At step 208 the Y-value that was determined in step 207 
for the marginal receiver 48 is subtracted from the point Y^j^ 
of the marginal receiver 46 that was determined in step 206^ to 
yield a value C N _ At step 210, the value C N is compared to a 
corresponding value C N _-[_ that was determined in the previous GZ 
iteration. A value C Q is initialized to an arbitrary value in 
order to provide a basis of comparison at the first iteration. 
Of course, the roles of the marginal receivers 46, 48 may be re- 
versed, if desired. The operator may also observe the response 
of the marginal receivers 46, 48 on the graphic display 100 
(Fig. 4B) . It may be noted that as a result of compensatory ro- 
tation of the chuck 12 about the Z-axis in each iteration (steps 
214, 218), it is necessary that the point Yjy^ be redetermined 
in the following iteration, as the marginal receivers 46, 48 are 
located at a distance from the central axis of the chuck 12. 

If, at decision step 212, the difference between the 
values C N and C N _i_ in the two iterations exceeds a predetermined 
value 5, then at step 214 the motor 27 is energized to advance 
the angle GZ of the chuck 12, as indicated by the arrow 3 9 
(Fig. 3), and control returns to step 204. 

Otherwise, control proceeds to decision step 216. If 
at decision step 216, the difference between the values C N and 
C N _]_ in the two iterations is less than a predetermined value - 
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5, then at step 218 the angle 9Z of the chuck 12 is retarded, 
and control returns to step 204. 

In step 214 and step 218 the step size of the 6Z 
movement is application dependent. Values of 2 - 10 milliradians 
are preferred. 

If, at decision step 216, the difference between the 
values C N and C N _ X in the two iterations is not less than the 
predetermined value -5, it is considered that the value of the 
angle 9Z of the chuck 12 is optimized, and the procedure ends at 
step 220. 

Referring again to Fig. 16, step 158 is now disclosed 
in further detail. Step 158 is performed by repeating a vertical 
scanning motion of the chuck 12, while maintaining the previ- 
ously determined optimum positions of the chuck 12 on the Z- 
axis, the X-axis, and the previously determined optimum angular 
rotation about the Y-axis and the Z-axis. During this vertical 
scan the response of any one of the channels 60 is measured. The 
procedure is completed by identifying the position Y 0 p T of the 
chuck 12 on the Y-axis that corresponds to the maximum signal 
intensity of the channel being tracked. Alignment of the optical 
element 38 with respect to the array 44 is now complete. 

Referring once again to Fig. 2, while maintaining the 
position of the chuck 12, the optical element 38 is glued in 
place on the substrate 40. The vacuum holding the optical ele- 
ment 38 to the chuck 12 is slowly released in order to separate 
the chuck 12 from the optical element 38. The substrate 40 and 
its components may then be removed from the assembly station 1. 

The screen display 66 provides a number of graphic 
displays that need not be viewed during the alignment according 
to the preferred embodiment of the invention. The graphic dis- 
play 82 (Fig. 4A) , the graphic display 88 (Fig. 4D) , the graphic 
display 90 (Fig. 4B), and the graphic display 98 (Fig. 4C) have 
been found to be useful analytic tools. They have been helpful 
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during the refinement of the techniques disclosed herein, and in 
the evaluation of malfunction of the instrumentation. 

While this invention has been explained with refer- 
ence to the structure disclosed herein, it is not confined to 
the details set forth, and this application is intended to cover 
any modifications and changes as may come within the scope of 
the following claims: 



